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Abstract:  14 
An experimental study to characterize the annular distribution of the mechanical properties 15 
throughout the cross-section of TEMPCORE® steel bars is presented. Thereafter a sectional fibre 16 
model, which allows obtaining σ-ε and fatigue curves of corroded steel, is described. The model 17 
is calibrated using an extensive experimental study of artificially corroded steel bars tested under 18 
cyclic and monotonic loads. Local pitting effects such as stress concentration, local bending or 19 
non-uniform material properties distribution are considered. Validation of the model is done 20 
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using different experimental work in the literature, which encompassed naturally and artificially 21 
corroded bars, for both fatigue and monotonic tests. 22 
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1. Introduction 25 
The study of corrosion effects is crucial for a better understanding of the structural behaviour of 26 
existing impaired concrete structures and, therefore, for their durability assessment. Effects such 27 
as the loss of bond between concrete and steel reinforcement, reduction of steel cross-section  or 28 
concrete longitudinal cracking due to rust expansiveness, which leads to  splitting stresses on the 29 
surrounding concrete, have been widely studied [1–4]. However, other local corrosion effects that 30 
lead to a steel mechanical behaviour changes [5–11] are relevant too. Both pitting and 31 
generalized corrosion of steel reinforcement bars lead to a change in the cross-section geometry. 32 
These changes turn into local effects in steel cross-section such as non-uniform stress distribution 33 
due to both stress localization in the top of the pits and local bending due to the centre of gravity 34 
displacement.  35 
On the other hand some modern production systems, such as TEMPCORE® production system, 36 
produces a heterogeneous material properties throughout the steel cross-section; being the 37 
apparent σ-ε characterization of the bar, the mean response of the heterogeneous section. 38 
Specifically annular distribution of the mechanical properties is defined for this steel manufacture 39 
system [6,12–18], in which the outer layers resist more than the inner core. Consequently, due to 40 
the non-uniform cross-section reduction of steel corrosion, the non-uniform stress throughout the 41 
cross-section and the reduction of the bar capacity are emphasised. 42 
In this work, an experimental study to define a realistic material distribution throughout the steel 43 
cross-section was performed. Different specimens with reduced cross-section diameters were 44 
tested using monotonic loads. After post-processing the experimental data, it was possible to 45 
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define the mechanical properties throughout the cross-section, i.e. the annular distribution of the 46 
yielding and ultimate stresses.  47 
Thereafter, a mechanical model to evaluate steel reinforcement corrosion effects on σ-ε and 48 
fatigue curves is presented. The model takes into account the reduction of cross-section either 49 
generalized or localized due to pitting corrosion. Pitting corrosion is considered by means of a 50 
notch in the cross-section, associated with a degree of corrosion. Generalized corrosion is taken 51 
into account by means of the critical cross-section definition, in which a double steel cross-52 
section reduction is performed; a reduction due to the corrosion penetration (generalized 53 
corrosion) besides a notch. In both cases, notches are described as perfect ellipses, further details 54 
are provided. 55 
On the other hand, material heterogeneity in the cross sections due to current production systems 56 
of reinforcing bars such as TEMPCORE® is considered by discretizing the cross-section in two 57 
different layers. The damage produced by load cycles is defined in accordance with the 58 
Palmgren-Miner damage law [19,20], by which fatigue curves for corroded steel bars can be 59 
obtained 60 
A statistical model relating the pit geometry with the degree of corrosion was developed and 61 
calibrated using different experimental data found in the literature [21], which essentially 62 
encompassed artificially corroded steel bars tested under cyclic and monotonic loads.  Thereafter, 63 
the mechanical model was validated by means of monotonic and fatigue tests of artificially and 64 
naturally corroded steel bars [8,21,22]. 65 
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2. Material behaviour. TEMPCORE® steel reinforcement bars. 66 
An experimental study was conducted in order to define the mechanical properties of uncorroded 67 
heterogeneous steel reinforcement bars. TEMPCORE® production system consists of the 68 
application of cold water after the steel conformation with the purpose to decrease quickly its 69 
temperature. The temperature of the water and the applied time defines the steel microstructure 70 
and thereafter the final mechanical properties. The common microstructure obtained is a ferrite 71 
core followed by a mix ferrite-martensitic (or bainitic transition crown which is the responsible of 72 
the smooth changes in the stresses between microstructures, see Figure 3a [18]) and finally, an 73 
outer martensitic layer. The aim of the presented experimental study was the characterization of 74 
the mechanical properties of 12 mm diameter steel bars used for the calibration and validation of 75 
the given model. 76 
2.1 Test setup 77 
The tests aimed the characterization of the tensile mechanical steel properties distribution 78 
throughout the cross-section.  By performing monotonic tests to uncorroded specimens with 79 
different cross-section reductions, the different σ-ε curves were obtained (see Figure 1a). The 80 
reduction of cross-section was performed using a milling machine. Different crown thicknesses 81 
were removed from each specimen using a diamond tip. The actual diameter was checked using a 82 
Vernier calliper to know the exact remaining cylindrical steel area.  83 
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 84 
Tests were performed following the standard [23]. The specimens were afixed to the clamps, and 85 
the load was directly applied to the bar via a hydraulic jack controlled with a load cell placed on 86 
the top. The same jack had an active displacement control system so the tests could be controlled 87 
by the total applied displacement. A 50 mm displacement transducer was placed at the reduced 88 
cross-section zone in order to register the real strain of the bar, avoiding machine deformations, 89 
slip in the clamps and complete cross-section bar deformation. All the tested specimens failed in 90 
the middle of the reduced cross-section zone. Member length between clamps was 110 mm, and 91 
the reduced cross-section length was 70 mm, enough to assure uniform stress distribution. 92 
Monotonic tests were carried out by means of a test machine INSTRON 8803, see Figure 1b. The 93 
diameters tested are described in Table 1. 94 
 95 
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Table 1. Tested diameter for material characterization 96 
Steel reduced diameter [mm] 
6 
8 
9 
10 
11/11.5 (only removing ribs) 
Theoretical 12 (whole section) 
 97 
2.2 Results of monotonic test 98 
σ-ε curves of tested members with reduced diameter are presented in Figure 2. The strains 99 
described, corresponded to the ones recorded by the displacement transducer (50 mm range) 100 
placed on the bars. The stresses depicted in the figures resulted from the division of the recorded 101 
load by the steel reduced area, (measuring the corroded diameter with the calliper). 102 
 103 
All the curves presented in Figure 2 corresponded to the mean value between the ferrite core and 104 
the adjacent martensitic layers. A post-processing of the experimental data to obtain the real 105 
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material properties of the layer itself was performed. Different specimens were tested to obtain 106 
the diameter of the ferrite core. From that, successive crowns of 0.5 mm thickness were added 107 
until the complete steel bar was tested, see Figure 3b. 108 
 109 
Table 2. Real elastic limits and ultimate strength obtained after experimental data post-processing 110 
Specimens (12 mm diameter) External radius (mm) fy (MPa) fu (MPa) 
Ferrite core 4  435 575 
Crown 1 (Ferrite) 4.25 522 601 
Crown 2 4.5 583 642 
Crown 3 4.75 655 682 
Crown 4 5 705 718 
Crown 5 5.25 749 757 
Crown 6 5.5 783 789 
Crown 7 5.75 806 824 
Outer crown 6 806 824 
 111 
 112 
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Applying the product-summation series described in Eq. 1 the material properties for each 113 
particular crown could be obtained. The final elastic limit and ultimate strength values for the 114 
different layers are shown in Table 2.  115 
(1) ∑𝐴𝐴𝑖𝑖 · 𝑓𝑓𝑦𝑦𝑖𝑖 = 𝐴𝐴 · 𝑓𝑓𝑦𝑦 116 
The final profile of the elastic limit and ultimate strength along the cross-section is described in 117 
Figure 4a, and the idealized σ-ε curve for each crown is described in Figure 4b. 118 
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The measured capacity of the specimens, on which only the ribs were removed, resulted higher 120 
than that of measured considering the whole bar.  The influence of the ribs in the sectional 121 
behaviour resulted in a reduction of the mechanical properties. This phenomenon was due to 3D 122 
stress effects produced by the ribs, since they did not contribute as much as the other parts of the 123 
r section to the bar carrying capacity, see Figure 5. 124 
 125 
3. Description of the mechanical model 126 
3.1 Material model 127 
After the presented experimental study and taking into account the results obtained by Bairán et 128 
al. [13] a simplified bi-layer material model was chosen; an inner ferrite core and an outer 129 
martensitic crown, which described the average behaviour for all the remaining layers, see Figure 130 
6. The inner core diameter was calibrated by means of the experimental data presented before. 131 
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 132 
3.2 Cross-section definition and constitutive equation 133 
The model uses a fibre discretization of the steel reinforcement cross-section in order to 134 
incorporate the variety of mechanical properties throughout it. This approach can accurately 135 
describe the bar geometry as well as the material heterogeneity. This work is focused on this 136 
manufacturing process as far as it is the most extended production system for steel reinforcement 137 
bars in Europe.  138 
The behaviour under large cyclic loading histories was controlled using material’s hardening 139 
rules. The steel proposed material model is a mix of the two existing models in the literature: 140 
kinematic an isotropic hardening. Therefore, the mixed-hardening model developed by Bairan et 141 
al. [16] was implemented in the present mechanical model. 142 
3.3 Implementation of steel corrosion 143 
Both generalised corrosion and pitting corrosion of reinforcement steel bars were considered in 144 
the presented model. The weakest section of the bar, where most likely it would fail (Figure 7a), 145 
is defined. , This section is was represented as a circular cross-section with a unique equivalent 146 
12 
 
 
pit (circular idealized cross-section, see Figure 7b). Both generalized and pitting corrosion could 147 
be simulated considering this critical circular pitted cross-section.  148 
 149 
By defining a pit, which includes the steel cross-section reduction due to corrosion penetration, 150 
the pitting corrosion was implemented. On the other hand, a double cross-section reduction to 151 
reproduce generalized corrosion phenomenon was performed on the uncorroded idealised cross-152 
section; first, a corrosion penetration due to the estimated corrosion degree (generalised 153 
corrosion) was applied, see Figure 7b. This reduction led to a new smaller circular idealized 154 
diameter, ϕcor< ϕ. Thereafter, a pit was performed to that new reduced cross-section, which 155 
geometrical specs depended on the estimated degree of corrosion and were calibrated by means 156 
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of the statistical model presented below using experimental tests. This implementation responds 157 
to the observed pit distribution along the specimens even though uniform corrosion. 158 
A half ellipse hypothesis, defined by its major and minor axes, to reproduce the geometrical 159 
shape of the pit was idealized. Depth, length and angle in the section plane defined the main 160 
geometrical parameters of the pit. The critical cross-section was placed in the maximum depth of 161 
the ellipse, minor axis, whereas the major axis represented the pit length in the longitudinal 162 
direction bar, see Figure 7a and Figure 8. 163 
 164 
Localization stresses factor over the notch tip, and linear fracture mechanics criteria [24] were 165 
applied thanks to the ellipse hypothesis. Eq. 2 defined the stress at the notch tip (𝜎𝜎𝑝𝑝), where 𝜎𝜎𝑛𝑛 166 
was the pressure under plain strain distribution hypothesis. L and p were the pit length and depth 167 
respectively (see Figure 7 and Figure 8). Stress amplification in the different points of the cross-168 
section was a function of the distance to the notch tip, and it followed the Airy function [24]. 169 
(2)     𝜎𝜎𝑝𝑝 = 𝜎𝜎𝑛𝑛(1 + 4𝑝𝑝𝐿𝐿 )    170 
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Because the assumptions made, the model allows the application of any stress and temperature 171 
histories to the bar. A monotonic load was applied by means of strain control. Fatigue test was a 172 
particular case in which a desired load history was applied. History of stresses or local yielding 173 
was possible to be simulated.  174 
3.4 Fatigue model description 175 
Fatigue analyses were performed using a specific stress range, which was referred to the whole 176 
cross-section (using uncorroded nominal diameter and circular idealised cross-section 177 
hypothesis). Raw materials were considered, i.e. the variation of the mechanical properties due to 178 
corrosion was not considered in fatigue analysis. The maximum and the minimum stresses at 179 
every fibre in the cross-section were determined after each analysis. Then, the number of resisted 180 
cycles of each fibre submitted to the defined stress range could be obtained. 181 
By modifying the number of cycles resisted by each fibre, the effect of the applied mean stress 182 
was considered, i.e. two fibres subjected to the same stress range resisted different number of 183 
cycles depending on the applied 𝜎𝜎𝑚𝑚 value. In addition, the reduction of the resisted cycles with 184 
the temperature, was also considered. 185 
Palmgren-Miner, Eq. 3, was used to define the damage state of each fibre after every load step (i). 186 
(3) 𝑑𝑑𝑖𝑖 = 𝑛𝑛𝑖𝑖𝑁𝑁𝑖𝑖 187 
Where N was the cycle resisted number, n the number of times the applied stress range was and d 188 
the fibre damage state index. The damage was accumulated during every load step. When the 189 
fibre achieved damage index 1, it was considered broken, and it was removed from the cross-190 
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section for the next steps iteratively until the last group of fibres did not resist the applied stress 191 
range. Thereafter the cycle resisted number, N, was stated as the fatigue life value. 192 
4. Model calibration 193 
4.1 Experimental data for the model calibration 194 
An extensive database of corroded reinforcing steel bars submitted to monotonic and cycle 195 
loading [21] were used for calibration purposes. That work focused on direct monotonic and 196 
cyclic tests of corroded reinforcement bars extracted from statically undetermined beams exposed 197 
to accelerated corrosion with different degrees of corrosion [25], see Figure 9. 198 
 199 
4.2 Accelerated corrosion 200 
The experimental work used for calibration purposes encompassed more than 180 specimens 201 
submitted to accelerated corrosion and thereafter tested under monotonic and cyclic loads. 202 
Accelerated corrosion methods open the possibility to reproduce corrosion episodes over 203 
structures in very short periods, as compared to natural corrosion. Those methods has been used 204 
extensively in the literature [26–30]. Obviously, this form of corrosion mechanism has some 205 
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drawbacks compared to natural corrosion testing. Further, the corrosion procedure for accelerated 206 
corrosion method resulted in homogeneous corrosion along the bar, by means of pits distributed 207 
along the steel specimen. They are nevertheless necessary to investigate the effects on structures 208 
and materials over time within an appropriate investigation period. With this kind of methods, it 209 
is possible to reproduce a 20-30 years’ phenomenon in a few months with a reasonable agreement 210 
between the natural and induced corrosion effects.  211 
4.2.1 Corrosion method 212 
Corrosion of steel reinforcement was forced using current galvanostatic method. A DC power 213 
supply was used for applying a constant current to the different members. The current was 214 
constant during all the exposure time. The steel bar was connected to the positive pole of the 215 
power supply, used as an anode, meanwhile the stain-less steel bar used as cathode was 216 
connected to the negative pole. 217 
Following Faraday’s law Eq. 4, it was possible to estimate the mass loss of steel due to corrosion, 218 
knowing the applied intensity along time, I(t), and the geometrical bar properties such as 219 
diameter and exposed length.   220 
Eq. 4  𝑬𝑬 = 𝒎𝒎𝑭𝑭𝑭𝑭·∫ 𝑰𝑰·𝒅𝒅𝒅𝒅
𝒛𝒛·𝑭𝑭       221 
In Eq. 4 Fe is the atomic mass, z is the steel valence that is taken as equal to two and F is 222 
Faraday’s constant. As the applied intensity was an input during the test and it is also constant 223 
along time, it is possible to rewrite Faraday’s law as Eq. 5 224 
Eq 5  ∆𝒎𝒎 = 𝒎𝒎𝑭𝑭𝑭𝑭·𝑰𝑰·𝒅𝒅
𝒛𝒛·𝑭𝑭       225 
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Many researchers have observed [31,32] that, using  corrosion current densities below 350 226 
µA/cm2 for accelerated corrosion, the difference between the corrosion rate estimated by means 227 
of Faraday’s law and the corrosion rate registered from gravimetric methods (steel weight 228 
measure after accelerated corrosion) ranges between 5-10%. Thus, by applying corrosion current 229 
density values below this threshold, it is possible to accurately estimate the achieved degree of 230 
corrosion. Furthermore, current densities above this threshold imply moving the test further away 231 
from a natural corrosion process. In the presented work, corrosion rates below 350 µA/cm2 were 232 
applied here in order to corrode the specimens.  233 
Accelerated corrosion methods based on impressed current need depassivated steel for proper 234 
development. This means that it is necessary to previously depassivate steel bars. In the 235 
aforementioned study a 4% sodium chloride (NaCl) solution in the water used for concrete 236 
casting was chosen in order to eliminate the passive layer by means of chloride attack. Further 237 
details of the corrosion method and the corrosion procedure are described in Fernandez et al. 238 
[25]. 239 
After the time exposure was reached the beams were crushed and the reinforcement steel bars 240 
extracted. Following the code recommendations [33] the specimens were cleaned. Thereafter by 241 
means of mass loss determination each specimen degree of corrosion or generalized degree of 242 
corrosion was determined. The described degree of corrosion was used for the model calibration 243 
described below. 244 
4.3 Specimen and test description 245 
The specimens employed for monotonic testing had in between 310 mm and 320 mm length. The 246 
ends of the test specimen were affixed by two clamps, which were used to transfer directly the 247 
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load to the specimen. The tested free section was for all the specimens 170 mm letting 70/75 mm 248 
length for each clamp. Tests were conducted by means of displacement control. Uncorroded 249 
specimens also were tested to compare and assess the influence of degree of corrosion on the 250 
mechanical properties. In total 40 specimens were tested satisfactorily with a range of degrees of 251 
corrosion between 8% and 22%. 252 
Fatigue test specimens also had in between 310 mm and 320 mm length. The ends of the test 253 
specimen were affixed by two clamps, which were used to transfer directly the load to the 254 
specimen. The tested free length was for all the specimens 170 mm letting 70/75 mm length for 255 
each clamp. In that case, tests were conducted using load control. 256 
Three different stress ranges were defined for fatigue tests, 150 MPa, 200 MPa and 300 MPa 257 
(ΔS=Smax – Smin). The minimum stress (Smin) was defined avoiding compressions in the bar and 258 
its possible buckling effects. The maximum stress (Smax) was lower than 0.6*fy (referred to 259 
uncorroded specimens). Corroded specimens were submitted to the same load range as 260 
uncorroded ones, which was obtained by means of the uncorroded nominal diameter. In total 142 261 
specimens were tested with ranging from 8% up to 28% degrees of corrosion. The pit observed in 262 
the failure cross-section of the reinforcement steel bar was characterized describing the pit 263 
geometry (pit depth and length) using a Vernier calliper. Further information regarding the 264 
experimental work is described by Fernandez et al.[21]. 265 
Due to the reduced existing database of corroded specimens submitted to high-cycle loading, half 266 
of the above-mentioned popultaion was employed for calibration purposes and the other half for 267 
the model validation. The σ-ε corroded properties were validated by means of different 268 
experimental studies [5,6,8,9,17,22]. 269 
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4.4 Calibration of the critical pit parameters  270 
Model calibration consisted in the definition of the pit in the critical cross-section, which resulted 271 
in the same experimental fatigue life value. Different geometrical pit parameters were tested until 272 
a good agreement between the experimental measured pit and the model pit was obtained, see 273 
Figure 10.  274 
 275 
A bisectional iterative algorithm was performed, which applied different notch geometries until 276 
the convergence was reached (the same resisted number of cycles). Critical pit length and depth 277 
were compared. The defined pit angle aperture, strongly conditioned the model pit depth, so 278 
different angle aperture relationships with respect to the degree of corrosion were tested to adjust 279 
this last parameter. 280 
20 
 
 
A dimensionless expression, eq (6), to describe the pit geometry characteristics with respect to 281 
the generalized corrosion was obtained from the model data.  It was defined by the coefficient 282 
p/rc  (pit depth (p) and the resulting corroded radius (rc ), see Figure 7)  and the steel bar degree 283 
of corrosion (generalized corrosion, g). Figure 11 shows the aforementioned obtained 284 
relationship. As it is described by Fernandez et al. [21] pit depth has major influence in the 285 
variations of the corroded steel mechanical properties, so it was chose to establish the relationship 286 
with the estimated degree of corrosion.  287 
(6) 𝑝𝑝
𝑟𝑟𝑐𝑐
= 2.318 · 𝑔𝑔  or  𝑝𝑝
∅𝑐𝑐
= 1.159 · 𝑔𝑔 288 
A log-Normal distribution adjusted very well to the obtained data and the experimental data, see 289 
Figure 12. The parameters of such distribution were mean=1.054, variance=0.092, mu=0.0134 290 
and sigma=0.282.  291 
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 292 
The pit depth values for 0.95 and 0.05 quantiles could be obtained multiplying the average depth 293 
value got from (6) by 1.62 and 0.61 respectively. Therefore, the upper and lower bounds were 294 
defined; see Figure 11 and Figure 12. 295 
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 296 
4.5 Pit characteristics sensitivity, depth, length and angle influence 297 
A sensitivity study of the principal variables that defined the idealized pit shape was performed.  298 
4.5.1 Pit angle and pit depth 299 
The pit depth was indirectly defined by the pit angle, so the pit angle determined the pit depth 300 
model sensibility. Different pit angle apertures with respect to the degree of corrosion were 301 
defined to observe their influence on the corroded steel tensile properties. Fixed and variable 302 
angle apertures relationship were tested. In all the cases, the same value for the pit length was 303 
used.  304 
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Figure 13a, Figure 13b, Figure 13c, and Figure 13d, represent the evolution of the main tensile 305 
monotonic parameters, yielding stress, ultimate stress, modulus of elasticity and maximum strain 306 
with respect to the degree of corrosion. Modulus of elasticity, yield stress and ultimate stress 307 
presented no significant variation with respect the different angle apertures used. However, 308 
higher degrees of corrosion presented higher differences. Nevertheless, the differences between 309 
the various angle apertures used were less than 5%. Strains showed a slightly higher scatter 310 
behaviour. Such behaviour was attributed to the higher impact of the amount of steel area 311 
reduction due to pitting than to the impact of the pit’s shape, when it is referred to the tensile 312 
mechanical properties.  313 
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 314 
4.5.2 Pit length 315 
The same analysis was performed to study the pit length sensitivity. Figure 14a, Figure 14b, 316 
Figure 14c and Figure 14d, shows the evolution of the same parameters depicted in Figure 13, 317 
using different pit length. The same pit angle was used in all cases. Four different length 318 
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hypotheses were made in order to test its influence on those parameters. The relationship between 319 
the pit length and the degree of corrosion almost did not affect the obtained results. 320 
 321 
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4.5.3 Implemented pit geometry relationships 322 
Finally, the implemented pit geometry characteristics regarding the degree of corrosion are 323 
shown in Figure 15 for 12 mm steel bar diameter.  324 
 325 
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According to the relationships described in Figure 15, the critical pitted cross-section was 326 
defined, and the notch performed. The different cross-section meshes that resulted after the 327 
application of the above criteria are represented in Figure 16. 328 
 329 
5. S-N and σ-ε curves obtained from the calibrated mechanical model 330 
The evolution of the corroded mechanical properties with respect to the degree of corrosion are 331 
presented in the next figures.  The values expressed in the figures were obtained using the 95% 332 
percentile of the statistical model presented before for the pit depth. That percentile represented 333 
the most damage to the bar using deeper pit depths. Figure 17 and Figure 18 depicted the S-N and 334 
σ-ε curves for degree of corrosion between 5% up to 35%. The stress range represented in Figure 335 
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17 were referred to the nominal area of the uncorroded bar, as it was done in the experimental 336 
work [21]. However, depicted stresses in Figure 18 were referred to the generalized corroded 337 
area, without take into account the pit. This allows describing the σ-ε behaviour considering the 338 
estimated generalised corrosion of the bar. 339 
 340 
Few conclusions are remarkable from the presented results. The diameter effect (10 mm and 12 341 
mm diameter) is not as relevant as the degree of corrosion impact in the fatigue life reduction. 342 
Fatigue strength is gradually reduced with respect to the degree of corrosion. However, the 343 
fatigue limit was maintained constant at 30 MPa indistinctly the degree of corrosion was, at least 344 
up to 25% degree of corrosion, which is a very high value.  345 
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An important reduction of the tensile mechanical properties described in the σ-ε curves presented 346 
was obtained. As it is possible to observe the parameters represented did not describe a linear 347 
reduction with respect to the degree of corrosion, behaviour already reported by Fernandez et al. 348 
[21]. 349 
 350 
5.1 Model outputs 351 
5.1.2 Pit depth effect 352 
In Figure 19 is described the effect of the pit depth for two different corrosion degrees, 10% and 353 
35%, in terms of stress concentration effect around the pit. The distribution of the stress 354 
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concentration coefficient K1 from the tip of the pit to the surroundings of itself on the steel bar 355 
cross-section is described. The stress amplification in the tip is around 25% in both cases; 356 
however, 35% of corrosion degree steel bar showed much more penetration throughout the cross-357 
section than the lower corrosion degree. 358 
 359 
5.1.2 Strain-stress state 360 
The actual stress-strain state of two different cross-sections for a specific applied deformation are 361 
showed in Figure 20. In both cases the applied deformation corresponded to ε=0.1178. The axial 362 
load applied to fulfil with the aforementioned applied deformation was N=38.19 kN for 10% 363 
corrosion degree whilst for 35% corrosion degree was N=19.26 kN. The actual stress as well as 364 
the strain distribution due to the applied load are described. It is observed a higher amount of 365 
compressed fibres with larger compression stresses 35% of corrosion degree, which was expected 366 
due to the extra local bending induced by the high pit penetration along the cross-section (see 367 
Supplementary Video 1 for full loading steps up to specimen failure description). 368 
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6. Model validation 370 
6.1 Fatigue validation 371 
Validation of the model for fatigue results was made using the other half of the availed 372 
population above described. Sixty-six specimens were used for validation purposes. The 373 
validation of the model consisted in the comparison of fatigue life value (number of resisted 374 
cycles) obtained from the test with respect to the achieved with the model, see Figure 21. As it is 375 
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possible to observe in the figure the data were well distributed along the line with slope 1, which 376 
means that the model thrown similar values to experimental data. 377 
 378 
In Figure 22, experimental and model data is compared. The pit depth characteristics upper and 379 
lower bound limits defined with the statistical model are also represented. All the tested stress 380 
range results were localized between the defined bounds. Taking into account the inner scatter 381 
behaviour of fatigue very good agreement was observed for the corroded steel fatigue life value 382 
estimation. It has to be noticed that for 150 MPa of stress range, the observed behaviour showed 383 
higher scatter than the other tested stress ranges. More data would be required to perform a better 384 
validation of the model for such low stress ranges. 385 
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 386 
6.2 Monotonic validation 387 
Four different sets of experimental data were taken for the corroded steel tensile properties 388 
validation. Set one consisted of 25 specimens, which include a wide range of corroded specimens 389 
from very little degrees of corrosion about 2% up to very high degrees of corrosion 60%. The 390 
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second set of bars encompassed 23 specimens covering a closer range of degrees of corrosion 391 
from 3% up to 16% [8]. The third set of specimens included 21 specimens also covering a full 392 
range of degrees of corrosion from 1% to 50% [22]. Finally the most extended database of 393 
specimens, which includes 54 specimens with two different bar diameter, ϕ10 mm and ϕ12 mm, 394 
and covering corrosions levels from 7% up to 25%  [21].  The results of the model validations are 395 
presented in Figure 23, Figure 24, Figure 25 and Figure 26, in which are shown the experimental 396 
fy or fmax compared to the model results, which include the upper and lower bounds. 397 
Experimental and numerical data described very good agreement for yielding and ultimate 398 
stresses. Almost all the experimental data were localized in between the confident bounds defined 399 
with the presented statistical model. However, modulus of elasticity and maximum strain 400 
estimations were not as accuracy as yielding stress and ultimate stress ones. It is necessary to 401 
underline that the elastic modulus was obtained directly from the monotonic test not using the 402 
code recommendations for this parameter; hence, it could present some dispersion. Regarding 403 
maximum strain, it is subjected to other phenomena such as fracture mechanics due to pits in the 404 
cross-section.  405 
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7. Conclusions 408 
A mechanical model to evaluate the effect of steel reinforcement corrosion on σ-ε and fatigue 409 
behaviour has been extended and presented. Corrosion phenomena has been implemented using 410 
an idealized pitted cross-section. 411 
The main conclusions of the presented work are described in the next points: 412 
- The experimental study showed a non-uniform distribution of the material properties 413 
throughout the steel cross-section. An increasing strength of the outer layers was 414 
observed, where the outer martensitic layer achieved up to 806 MPa yielding stress. The 415 
inner ferrite core achieved up to 435 MPa yielding stress. The effect of material properties 416 
distribution is stated as relevant during a corrosion episode.   417 
- The statistical model presented define different pit geometries with respect to the 418 
expected corrosion level. That allows describing the upper and lower bound limits of the 419 
pit geometry characteristics, ensuring that the real mechanical properties of the corroded 420 
steel bar will be inside those bounds with a 90% of confident.  421 
- Very good agreement was observed for yielding stress and ultimate stress within a 0% - 422 
60% degree of corrosion. The model allows to describe quite well the average behaviour 423 
of the corroded bars mechanical properties despite the experimental scatter values. Elastic 424 
modulus and ductility presented more dispersion, likely because of the dispersion of these 425 
parameters themselves, and the model did not adjusted the average behaviour as well as 426 
for the other parameters. More detailed studies are needed to better calibrate the model 427 
response for those values. 428 
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- The mechanical model can describe the fatigue behaviour under corrosion phenomenon 429 
with a very good agreement with the experimental data. Then, the characteristic fatigue 430 
curves with respect to the degree of corrosion can be defined.  431 
As a general conclusion, the model leads to a good mechanical properties characterization for 432 
corroded and uncorroded bars, necessary properties to carry out with enough accuracy analysis 433 
and assessment of safety, serviceability and durability of deteriorated reinforced concrete 434 
structures. However, more experimental work should be addressed to further calibrate and 435 
validate the presented model for Low Cycle Fatigue, which is of interest in seismic zones. 436 
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